with NF2, but on the basis of previous imaging and pathological studies they are referred to as ependymomas. 10 Rennie et al. observed a predominantly indolent course for small enhancing intramedullary lesions in a cohort of 11 NF2 patients with longitudinal radiological follow-up. However, in a minority of patients, some lesions grew significantly or developed cystic components with associated neurological deterioration. 22 Bevacizumab (a monoclonal anti-VEGFA antibody) has a beneficial effect on hearing and vestibular schwannoma growth in patients with NF2. 17, 20 More than 100 NF2 patients in the United Kingdom have been treated with bevacizumab for rapidly growing schwannomas since August 2010 as part of the nationally commissioned NF2 specialist multidisciplinary service. Spinal ependymoma in NF2 is not an approved indication for bevacizumab treatment in the United Kingdom.
The evidence for the use of bevacizumab in NF2-associated ependymomas is limited to positive individual case reports 5, 15 and a retrospective case series of 8 patients with symptomatic spinal ependymomas, all of whom reported subjective clinical improvement on a regimen of bevacizumab. 8 Four of the 8 patients had a greater than 20% decrease in their spinal ependymoma length, which was reported to be mainly due to reductions in the size of ependymoma-associated fluid structures.
Green et al. reported a radiographic response in sporadic intracranial ependymomas using combination chemotherapy plus bevacizumab. 9 Sporadic spinal ependymomas have been reported to harbor mutations of the NF2 gene, encoding merlin, a cytoskeletal protein involved in cell growth regulation. 1, 13 Pathological studies show vascular endothelial growth factor A (VEGFA) and VEGF receptors (VEGFRs) to be present in at least some ependymomas, particularly spinal ependymomas, raising the possibility of VEGF-mediated vascular proliferation. 4, 8, 19 As surgical intervention for NF2 patients with spinal ependymoma is potentially associated with postoperative neurological deterioration, 20 it is important to establish whether bevacizumab has a beneficial treatment effect on NF2-associated spinal ependymomas. Treatment with bevacizumab is associated with a number of side effects, including hypertension and proteinuria. 17, 20, 23 In our cohort, the rates of proteinuria and hypertension are 24% and 17.5%, respectively. 18 An understanding of the subtype of ependymoma most likely to exhibit a positive treatment response with bevacizumab and the time course of such an effect would therefore be helpful in the management of these complex patients.
In this study, we report the clinicoradiological effect of treatment with bevacizumab on both cystic and solid spinal ependymomas in patients with NF2 from the United Kingdom national bevacizumab cohort on treatment for rapidly growing schwannoma. The study was approved by the Westminster Ethics Committee as a multiple site study, and informed consent was obtained from all patients.
Methods

Population
The records of 95 NF2 patients who commenced treatment between August 2010 and June 2015 with bevacizumab in the United Kingdom for rapidly growing schwannoma according to the national protocol previously described 17 were retrospectively reviewed for imaging and clinical responses of coexisting spinal cord ependymomas. (Members of the UK NF2 Research Group are listed in the Appendix.) Given the patient population, intramedullary mass lesions with an enhancing component were considered to be ependymomas for the purpose of this study. Resection for pathological correlation was not performed in any of the patients due to the risk of potential subsequent neurological deterioration. One patient underwent resection of the cystic intramedullary spinal lesion prior to commencing bevacizumab treatment with the pathological report confirming an ependymoma. This ependymoma did not recur during the bevacizumab treatment period.
MRI Analysis
Accurate volumetric measurements could not be performed on the available spinal MRI scans because of the MRI slice thickness relative to the ependymoma size. Slight variations in slice placement at different time points would result in significant variance in volumes calculated due to insufficient slices through the tumor and partial volume averaging on the most laterally placed sagittal slices through the tumors. 24 In view of the retrospective nature of this study and consistent with previous published reports, 8 ependymoma size was therefore calculated by measuring the maximum longitudinal extent (MLE) of the intramedullary tumor on sequential sagittal MRI scans of the spinal cord using the Centricity picture archiving and communication system (GE Healthcare). Due to the growth pattern of spinal cord ependymomas, this technique has the merit of measuring the longest diameter, particularly in larger tumors, and the superior and inferior margins of the tumors are least affected by partial volume averaging effects on sagittal images, resulting in the most accurately measureable diameter on sagittal images. A single rater measured all ependymomas, and all the scans for each patient were measured in a single reporting session. An experienced neuroradiologist reviewed all the measurements, and agreement was reached by consensus. Measurements were made blind to the clinical outcomes of the patient.
Ependymoma enhancement patterns were recorded using the classification suggested by Miyazawa et al. (subcategories: solid, patchy, heterogeneous with cyst, or nodule in cyst wall). 16 Preference was given to T1-weighted, contrast-enhanced sequences. In some cases, the degree of enhancement within the ependymoma varied within a subject between time points. This may be due to differences in timing between contrast administration and image acquisition and/or the effect of bevacizumab on the tumor vasculature. Measurements were performed on sagittal T2-weighted images if contrast-enhanced scans contained within a patient's series were not suitable for technical reasons. T2-weighted images were used to further characterize the cystic components of lesions as required. Individual time points were excluded from measurement if the superior and or inferior margins of a lesion could not be determined confidently on either the T1-weighted postcontrast or the T2-weighted sequence. For any given patient, the same sequence was used throughout radiological surveillance to perform an assessment of the MLE over time.
Spinal imaging was not performed according to a prospectively determined protocol since imaging on treatment was performed primarily to assess the patient's bevacizumab target tumor (intracranial schwannoma in 87 of 95 patients). However, the majority of patients underwent spinal scanning at 6-to 12-month intervals.
Clinical Assessment
Treating neurologists assessed global clinical function and neurological functioning of limbs and balance prior to treatment and while receiving bevacizumab. The neurological findings at each clinical assessment (every 3-6 months) were subsequently reviewed by the treating neurologist to determine if there had been clinical change during treatment with bevacizumab.
Patients could have several lesions (e.g., coexisting spinal or peripheral schwannomas) that potentially contributed to their clinical state. The treating neurologist made an assessment based on clinical judgment as to which tumor was most likely causing the observed signs and symptoms. If there was clinical change in the patient while receiving bevacizumab, the treating neurologist made a judgment as to whether the clinical change was due to the patient's spinal ependymoma. While the treating team had access to clinical scans, they were blinded to the MLE tumor measurements performed centrally as part of this study.
Genetic Analysis
The NF2 genetic mutation was recorded for each patient, and severity was rated as previously described: 17 1) severe, full-germline truncating mutations in exons 2-13; 2) moderate, deletions not involving the promoter region or exon 1, splice-site mutations (exons 1-8), and mosaicism of truncating mutations in exons 1-13 in blood; and 3) mild, truncating mutations in exon 1, missense mutations, or an in-frame deletion, large deletions involving the promoter region/exon 1, splice-site mutations (exons 9-15) mosaicism (excluding moderate criteria), and no mutation identified on blood analysis.
Statistical Analysis
Statistical analysis was carried out using GraphPad Prism (version 6). Baseline and maximum change measurements were compared using Wilcoxon matched-pairs testing.
Results
We identified 41 of 95 (43%) patients with intrinsic cord tumors consistent with spinal cord ependymomas. MRI scans technically adequate for serial radiological measurement were available in 32 of these 41 patients with a total of 71 spinal ependymomas. Ependymomas with cystic or fluid/syrinx elements were seen in 12 of 32 patients. The demographics and genetic severities of these patient groups are shown in Table 1 . The reasons for excluding 9 of 41 patients with spinal cord ependymomas are detailed in Table 2 . The median follow-up after commencing treatment with bevacizumab was 24 months (range 3-57 months) in both the 32 patients suitable for radiographic assessment and in the 41 patients with ependymoma and 29 months (range 3-43 months) in the 12 patients with cystic or fluid/syrinx elements to their ependymoma.
The 12 of 32 patients who had a mixture of cystic and solid tumors (39 tumors, 1-9 tumors per patient) were collectively called the cystic-solid group. Within this group, the solid tumors were either in continuity with the cystic structure (5 tumors) or anatomically separate from the cystic component (21 tumors). The remaining 13 tumors were complex where the solid component could not be separately measured. A final group of 20 of the 32 patients who only had solid intramedullary tumors had a total of 32 tumors. The distributions of MLE at start of treatment for these subgroups are shown in Fig. 1 .
The majority of spinal ependymomas were located in the cervical cord (54 of 71), with 15 of 71 and 2 of 71 ependymomas being located in the thoracic and conus regions, respectively.
The Effect of Treatment With Bevacizumab on Solid Ependymomas
Radiographic Effect
Fifty-three of the 71 spinal ependymomas identified were solid with no associated cysts or syringes. These solid ependymomas had a median pretreatment MLE of 8.9 mm (range 2.6-21.7 mm) and did not experience a sig- 
Clinical Effect
Of the 20 of 32 patients with only solid ependymomas, 2 had relevant clinical signs that could be reassessed to determine the clinical effect of treatment. These 2 patients did not experience an improvement in their clinical state during treatment with bevacizumab (median MLE 8.3 mm, range 6.2-13.7 mm). In the remaining 18 patients with only solid ependymoma, 13 were asymptomatic from their ependymoma (median MLE 10.6 mm, range 2.6-19.6 mm) and 5 patients had tandem pathology (e.g., brainstem compression from bilateral vestibular schwannoma) that could have explained their clinical signs (median MLE 10.1 mm, range 5.5-16.3 mm).
The Effect of Treatment With Bevacizumab on Ependymomas Associated With Cysts or Syringes
Ependymomas with cystic or fluid/syrinx elements were seen in 12 of 32 patients. The clinical and radiological details of these 12 patients are described in Table 3 . This subgroup of 12 patients had a total of 39 ependymomas (both solid and cystic ependymomas combined).
Clinical Effect
Seven patients (58%) experienced a relevant clinical improvement. Two cases are presented in detail below.
Radiographic Effect
When only ependymomas with either cystic components or associated syringes were evaluated (12 patients, 16 ependymomas), treatment with bevacizumab was associated with a significant decrease in the MLE (median decrease in length of -4 mm or -21% [range -27 mm to 4 mm; or -100% to 43%], p < 0.0001; Fig. 2 ). There was a greater than 20% decrease in MLE in a total of 16 of 18 ependymomas and syringes (8 of 12 patients), and this decrease was sustained while on treatment. In some cases complete obliteration of the fluid structures was observed. There was no significant decrease in the MLE of solid components of these 12 patients (p = 0.21).
Patients in Cases 3, 4, 8, and 12 had breaks in treatment of over 3 months' duration. Patients in Cases 3 and 8 had breaks in treatment with bevacizumab of over 6 months' duration that were associated with a reexpansion of cystic structures on imaging and a worsening of clinical state during the period of time off treatment (Table 3) .
In 5 patients who underwent scanning at 3-month intervals, decreases in the size of their tumors were initially seen at 3 months with a maximum response being seen up to 9-12 months while receiving bevacizumab prior to a plateau in radiological response.
Illustrative Cases
Case 1
This 31-year-old man had experienced progressive clinical deterioration over the 12 months preceding the start of treatment with bevacizumab. Treatment was commenced for a rapidly growing vestibular schwannoma. Coexistent extensive cervical cord ependymomas were deemed by the treating neurosurgical team to be surgically unfavorable due to their longitudinal extent (Fig. 3) . In the 12 months prior to treatment the patient had developed a profoundly weak and flaccid right arm and an asymmetrical paraparesis, leaving him wheelchair bound. Sphincter function was intact. Subsequent to commencing bevacizumab at a dose of 7.5 mg/kg every 3 weeks, the patient experienced a significant improvement in function. After 3 months of treatment, he had Medical Research Council (MRC) Grade 4/5 power in his previously flaccid arm and was able to stand and walk 10 m in 23 seconds unaided. After 6 months of treatment, he was able to feed himself with his previously flaccid right arm. At his most recent review at almost 9 months since the start of treatment, previous pressure sores on his feet had healed, his mood and outlook on life had improved and he could walk 10 m in 17 seconds.
Over the same time period, MRI of his spinal cord showed little change in the longitudinal extent of the solid components of the ependymomas but a significant decrease in the size of the cystic components of the ependymomas. Particular note was made of the reduction in size of the syrinx that extended throughout the thoracic spinal cord with a reduction in the neighboring parenchymal edema (Fig. 3) .
While receiving treatment, the patient developed 2+ proteinuria, but creatinine clearance and 24-hour urinary protein remained within normal limits. Otherwise treatment was well tolerated. 
Case 2
This 31-year-old man was dependent on a wheelchair prior to treatment with bevacizumab for an enlarging vestibular schwannoma. He commenced treatment with bevacizumab at 5 mg/kg every 2 weeks for 6 months and then was subsequently treated with 5 mg/kg every 4 weeks as maintenance therapy. The target vestibular schwannoma was stable with a maximum decrease of 15% compared with baseline volume. Ependymomas were seen in the cervical and thoracic cord.
He was unable to perform a 10-m walk at baseline or at 3 months but at 6 months could walk 10 m in 34 seconds with the assistance of a rail and a family member. After 9 months of treatment, his timed 10-m walk had further improved to 18 seconds. At his most recent clinical examination (Month 30), he was able to complete the walk test in 18 seconds.
After 3 and 6 months while receiving treatment, the power in the patient's limbs had progressively improved from MRC Grade 2-3/5 distally in his arms and MRC Grade 3-4/5 in his legs to normal strength. He subsequently maintained good limb strength and function throughout treatment.
The patient developed hypertension after 6 months of treatment, requiring a 1-month delay in the dosing schedule alongside the commencement of an angiotensin-converting enzyme inhibitor. Treatment was otherwise well tolerated. A further dose of bevacizumab was postponed by 1 month to allow wound healing from an accidental burn to the patient's finger.
Discussion
This study has shown that treatment with bevacizumab is associated with a reduction in the MLE of NF2-associated spinal ependymomas and that this radiological response is largely driven by the effect of bevacizumab on spinal ependymomas with cystic components. Our analysis of the 12 patients with cystic tumors showed that this subgroup of patients exhibited the greatest radiological treatment effect, with a median reduction of 21% in tumor MLE.
Clinical improvement thought likely to be attributable to a reduction in the size of the patient's spinal ependymoma occurred in 22% of the entire ependymoma cohort and was driven by the clinical improvement observed in 58% of patients with cystic spinal ependymomas. In some cases, this clinical improvement was associated with a significant gain in daily functioning. A lack of standardized score for improvement (MRC sum score or walk time) that improved in every patient is a limitation of this study due to its partially retrospective nature. The potential for clinical improvement in this group of patients is extremely important as spinal ependymomas can cause significant clinical disability and, as previously noted, can be extremely challenging to manage surgically.
5,8,15
The beneficial effect of bevacizumab on cystic spinal ependymomas reported in our study is consistent with previous individual case descriptions 5, 15 and a smaller series report 8 that described either radiological or symptomatic benefit in this patient group. In addition, our larger study and detailed analysis of the radiological changes observed has permitted a wider appreciation of both the different types of ependymomas and their clinical consequence (including asymptomatic patients) and also the complex structure of these tumors within an individual.
It is not clear why bevacizumab appears to have a greater radiological effect on the cystic components of spinal ependymomas in NF2 patients. It has been postulated that this is due to an antiedema effect. However, VEGFR-2 has been shown to be distributed throughout the spinal ependymomas in a recent immunohistochemical analysis of 5 NF2 spinal ependymomas and VEGFR-1 to be present in 4 of these 5 tumors. 8 Our study identified spinal ependymomas in 43% of the original patient cohort being treated with bevacizumab for rapidly growing schwannomas. The higher prevalence of patients with spinal ependymoma in our cohort when compared with a previous study 22 may reflect the fact that patients receiving treatment with bevacizumab in the United Kingdom generally have a relatively high disease burden. Indeed, 34% of the patients identified as having a spinal cord ependymoma had a severe genotype that has been associated with an increase in spinal tumors and severity of disease manifestation. 3, 6, 7 The predominantly cervical location of the ependymomas observed in our study is in keeping with previous reports. 21, 22 The radiological assessment of spinal ependymomas in our retrospective study was constrained by the limited available MRI sequences performed as part of the routine imaging follow-up. To further understand the effect of bevacizumab on ependymomas in NF2 patients, prospective scanning with detailed volumetric protocols of the ependymoma will be important.
In this patient group with multiple nervous system tumors, it is often difficult to determine the clinical manifestations specifically attributable to a particular tumor. This is a limitation to both prospective and retrospective studies of clinical outcomes in this population. This may in part account for the lack of clear correlation between the extent of clinical and radiological change respectively observed both in our study of 32 patients with ependymoma and also reported in a previous study of 8 NF2 patients with symptomatic spinal ependymomas treated with bevacizumab.
Conclusions
Pragmatically, our data suggest that patients with symptomatic cystic ependymomas may obtain clinical benefit from treatment with bevacizumab and that associated changes in ependymoma size and/or clinical improvement may be seen within the first 3-6 months of treatment. In contrast, the lack of significant change in the size of the solid ependymomas observed while on treatment with bevacizumab, coupled with the potential toxicity 17, 18, 20, 23 from treatment with bevacizumab, may suggest that patients with this subgroup of spinal ependymoma are less likely to benefit overall.
